The hyperfine structure of Hg 97 * was measured with greater accuracy than had been obtained in conventional spectroscopic work. The nuclear magnetic dipole and electric quadrupole interaction constants, A and B, were calculated: A = -2328.8-1.7 Mc/sec; B = -901413 Mc/sec. The isotope shift is 22404-130 Mc/sec relative to Hg' 98 . An electronic g value of 1.48614-0.00036 was found for the P 1 level. The data were gathered with the use of level-crossing, double-resonance, and magnetic scanning techniques. The relatively new level-crossing experiment was applied to Hg' 99 and Hg' 97 . The measurements reported here are useful in two ways: They lead to values of the nuclear moments and estimates of the nuclear charge distribution, and they pave the way for more accurate experiments that will yield data on the distribution of the nuclear magnetization.
INTRODUCTION
HE principal object of this research was to measure T the hyperfine structure in the 3P 1 level of Hgl 9 7 *, a 24-hr isomer of mercury 197. From the data, it is a straightforward procedure to calculate the isotope shift of Hgl 97 * and the ratios of its nuclear moments to those of other mercury isotopes. The accuracy of the present experiment exceeds that obtained by Melissinos and Davisl by a factor of approximately 20. Still more accurate measurements of the Hg 19 7 * P 1 hyperfine structure are facilitated by the results of this work.
The isomeric mercury-197 nucleus has a spin I of 13/2.1 2 This splits the 6 3Pl level into three sublevels whose total angular momenta F are 15/2, 13/2, and 11/2. Application of a magnetic field further divides the sublevels into a grand total of 42 states, some of which are shown in Fig. 1 .
What are desired are measurements of WL and WH, the zero-field level separations, and WI, the isotope shift relative to Hg'98. The most direct and accurate way to obtain WL or WH is through an rf resonance between the levels involved, using zero or low applied magnetic field. The resonance may be optically detected, as in the experiments performed by Kohler, 3 Stager, 3 . 4 or Brot.2 This technique is usually called "doubleresonance," following Brossel and Bitter. 5 Unfortunately, the low-field experiments are so specialized that they must be substantially modified for each transition to be studied. In addition, they are poorly suited to searching over large frequency ranges and to the measurement of isotope shift. In most frequency ranges, it is not possible to obtain powerful rf sources. t This work, which was supported in part by the U. S. Army Signal Corps, the Air Force Office of Scientific Research, and the Office of Naval Research, was presented to the Department of Physics, Massachusetts Institute of Technology, in partial fulfillment of the requirements for the degree of Doctor of Philosophy.
' A. C. Melissinos and S. P. Davis, Phys. Rev. 115, 130 (1959) . 2 C. P. Brot (unpublished). 3 C. V. Stager and R. Kohler, Bull. Am. Phys. Soc. 5, 274 (1960) . 4 C. V. Stager, Ph. D. thesis, Department of Physics, Massachusetts Institute of Technology (1961) . 6 J. Brossel and F. Bitter, Phys. Rev. 86, 308 (1952) .
Because of these factors, and despite an unavoidable loss in accuracy, it was decided to employ magnetic fields of intermediate strength. It is only necessary to measure two separations between three or four of the Zeeman levels in order to be able to calculate WL and WH. The separations need not be measured at the same field strength, and, while it is not true that any two energy-level differences will do, there is a large variety from which to choose.
At intermediate field strengths, just as at zero field, it is possible to measure level separations by optically detected rf resonances. Such "double-resonance" experiments were performed by Melissinos°. 7 6 A. C. Melissinos, Phys. Rev. 115, 126 (1959) . 7 A. C. Melissinos, Ph.D. Thesis, Department of Physics, Massachusetts Institute of Technology (1958) . 8 p. L. Sagalyn, A. C. Melissinos, and F. Bitter, Phys. Rev. 109, 375 (1958). nances, denoted A, B, and C in Fig. 1 . Resonance A, the one expected to display the best signal-to-noise ratio, was actually detected. Aside from the frequency and field of this resonance, no further information is required to calculate WL.
One more level separation measurement is necessary for the calculation of WH. Either of the resonances B or C would have sufficed, but their signal-to-noise ratios would have been so poor that the measurements would have been inaccurate if not impossible. In view of this situation, it was heartening to learn of the level-crossing experiment performed in helium fine structure by Colegrove et al. 9 Under appropriate conditions, they observed that there is a change in the angular distribution of scattered light when two energy levels of the same atom become degenerate. Essentially, the effect is that of a zero-frequency rf transition. Instead of using a field that separates two energy levels by some finite radio frequency, we use a field that separates them by zero frequency. The resemblance to an rf transition is not just metaphorical. Level-crossing widths are observed which are approximately the natural linewidths of the states involved. From a signal-to-noise standpoint, the level-crossing experiment has the advantage that all of the atoms in the two intersecting levels participate in producing a change in the intensity of scattered light. On the other hand, in an rf experiment, the only participating atoms are those transferred from one level to another by the rf photons, and these are usually a small fraction of the atoms present in either level.
Level crossings can only be observed if they obey the proper selection rules, derived from ordinary electric dipole selection rules. The intersecting levels must have m values which differ by one or two. As usual, m is the projection of the angular momentum on the magnetic field axis.
It appeared that the level-crossing experiment ought to work as well in mercury hyperfine structure as in helium fine structure. Calculations show that there is only one crossing in Hgl 99 and that its measurement leads directly to a value of the zero field hyperfine structure. The crossing was sought and found, as reported in reference 10. There was excellent agreement with the more accurate work of C. V. Stager. Brot 2 has very recently confirmed the value of WH by a high-accuracy zero-field radio-frequency experiment. If one ignores the unlikely hypothesis that there is a coincidence produced by canceling errors, the agreement can be taken as evidence of the accuracy of the gj value, as well as of the accuracy of the Hg' 97 * level-crossing and double-resonance work.
The results of this paper have been summarized in Table I . Except for the results of other workers, the . stated limits of error are three times the standard deviation of the observations about the mean value of the quantity. Such conservative limits are chosen in order to be reasonably certain that the true value of the quantity will be included between the limits despite the possibility that small systematic errors remain.
THE DOUBLE-RESONANCE EXPERIMENT

Principle of Operation
Suppose an absorption cell containing Hgl97* vapor is placed in a magnetic field, as shown in Fig. 2 . The cell is illuminated by a variable-frequency light source of approximately 2537-A wavelength in a direction perpendicular to the field, and the scattered light is observed in a direction perpendicular to both the field and the incoming light. A relatively weak rf magnetic field is applied at right angles to the dc field.
If the incident light is sigma polarized and has the right frequency, it will populate the F= 15/2, m= 15/2 state. The reradiated light will be entirely sigmapolarized and can be blocked out by a polarizer appropriately placed in the observation path. If, in addition, the magnetic field and radio frequency are correct for a resonance, some of the atoms in the F=15/2, m=15/2 state will be transferred to the F= 15/2, m= 13/2 state. Of these, 59%0 will reradiate with sigma polarization and 41% with pi. The pi light is not blocked by the observation polarizer, and the fact that it is detected is the indication that resonance A of Fig. 1 has been established.
Since pi and sigma radiations have different angular distributions, it is possible to detect the doubleresonance signal without the use of polarizers. However, the lack of polarizers will degrade the signal-to-noise ratio.
Modulation
In a double-resonance experiment, the radio frequency is usually modulated at 30 cps or some other convenient low frequency. Given the correct radio frequency and magnetic field conditions, the resonance is alternately established and eliminated with a repetition rate corresponding to the modulation frequency. The strength of the resonance is measured by the variation in scattered-light intensity at the modulation frequency. A direct comparison between the resonance and nonresonance conditions is obtained by synchronous rectification of the amplified ac current from the photomultiplier that is illuminated by the scattered light.
Apparatus drifts can only affect the synchronous rectifier output when a resonance is actually being observed because, at times when resonance conditions do not exist, the rf power cannot influence the mercury atoms. In effect, this means that lamp intensity changes and other apparatus drifts can conceivably distort the shape of a resonance line, but, in the absence of a resonance, the average rectifier output will remain constant. This property of the modulation system greatly simplifies the detection of low-intensity resonances.
Modulation of the splitting field is an alternative to modulation of the rf power. The two methods would lead to the same results if it were possible to squarewave-modulate the field by an amount large enough to alternately establish and destroy the resonance. Unfortunately, this approach is beset with more practical difficulties than one might suppose. Sinusoidal
Apparatus for the double-resonance experiment.~~~~~~~~~~~~-~~~~~~~~~~~~~~~~~~~~~~~.
--~I-field modulation of small amplitude can easily be achieved, but the modulation compares resonance conditions that are only slightly different. The signalto-noise ratio suffers, and the rectifier output vs field is proportional to the first derivative of the true line shape.
Modulation can be applied in other ways. For example, it would be possible to place a rotating shutter in front of the lamp. Techniques of this sort are not really satisfactory because they do not compare the resonance and nonresonance conditions.
Apparatus
Much of the apparatus, sketched in Fig. 2 , has been described by Melissinos. 7 The Hg 1 98 lamp, scanning magnet, quarter-wave plate, and illuminating polarizer constitute the variable-frequency light source. The magnet splits the light from the lamp into three components, one of which is not visible in the direction of the scanning field. The other two components are circularly polarized and have frequencies that vary with field in opposite directions from the zero-field frequency. The quarter-wave plate converts the two circularly polarized components into two planepolarized components whose planes of polarization are perpendicular. The illuminating polarizer blocks one of these and transmits the other to the absorption cell. Light intercepted by the Hg97* atoms in the cell is scattered into the photomultiplier after passing through the observing polarizer.
The splitting magnet applies a dc field to the absorption cell. The rf field is produced by a magnetron and enhanced by a rectangular cavity operated in the TEo 11 mode.
The 30-cps component of the photomultiplier current is filtered, amplified, and rectified by a Diamod circuit that has been described by Murray.
14 The synchronous rectifier is gated in phase with the 30-cps modulation that is applied to the rf power. The Diamod output is displayed on a chart recorder.
Light Source
The lamp 5 contains 99% pure Hg 19 8 obtained from the Atomic Energy Commission, Ltd., of Canada. Of the 5 mg of mercury originally purchased, about 2 mg were transferred to the lamp, and the rest was lost in the vacuum system. The filler gas is argon at 2-mm pressure.
The lamp is water cooled and microwave powered. Its stability with respect to time and changing magnetic field conditions is superior to that of similar lamps cooled by a stream of dry nitrogen. 
Magnets
The properties of the scanning magnet will be discussed in the section on isotope shift measurement. For purposes of a double-resonance experiment, the scanning magnet's characteristics are not critical.
At 5000 gauss and more, the splitting field leaves something to be desired in homogeneity over the volume of the absorption cell. The results of the levelcrossing experiments to be described later show that inhomogeneities contribute noticeably to the observed linewidths.
The splitting field is measured with a Laboratory for Electronics model 101 proton resonance magnetometer. The frequency of the oscillator is read with a Hewlett-Packard model 524B electronic counter. The proton probe, constructed by Mr. E. Bardho of the Magnet Laboratory, M. I. T., extends the range of the magnetometer beyond that intended by the manufacturer. Nevertheless, the accuracy of the field measurements is entirely adequate for purposes of this experiment. The proton probe is located about 1.5 in. from the absorption cell. Seventy-two measurements at three different field strengths were made in order to determine the correction for the cell-to-probe separation. In the course of the measurements, the field was returned to zero several times, and the poles were separated and returned to their operating position in order to simulate typical experimental conditions.
Polarizers, Filters, and Phototubes
The polarizers are calcite Glazebrook prisms. Each polarizer consists of two prisms separated by 0.001-in. mica spacers. The separation is filled with glycerine.
A 6893 Corning ultraviolet filter is placed before the photomultiplier in order to attenuate the visible portion of the light scattered by the walls of the absorption cell. At first, it seems that this must necessarily improve the signal-to-noise ratio of the experiment by reducing the background light that strikes the photomultiplier. However, it should be noted that the filter also attenuates 2537-A light, reducing the signal. It is necessary to make a detailed study to determine whether the addition of a given filter to a given experiment will raise or lower the signal-to-noise ratio.
The photomultipliers are type 1P28.
Microwave Apparatus
Microwave power is supplied by a QK 61 magnetron, as shown in Fig. 2 . Up to 50 w are available in a frequency band around 3000 Mc/sec. A square-wave generator provides the 30-cps modulation by driving the magnetron's series regulator tubes toward cutoff.
The frequency is measured by using a crystal mixer and an oscilloscope to observe the beats between the magnetron and a crystal-controlled frequency standard. This standard consists of a Gertsch FM-6 frequency _ 1195 Vol. 51 meter and a Gertsch FM-4A microwave frequency multiplier. The magnetron frequency changes by less than one part in 105 during the observation of a resonance. This inaccuracy makes a negligible contribution to the limits of error of WL because of the larger inaccuracy introduced in measuring the splitting field.
The coaxial line leading to the cavity contains a VSWR machine for checking the standing-wave ratio, directional couplers for reading reflected and transmitted power, and a probe that couples power to the frequency standard. Between the magnetron and the VSWR machine there are transitions to rectangular waveguide and back again in order to allow insertion of an isolator and an attenuator 6 in the microwave line. The isolator improves magnetron stability, and the attenuator is convenient for reducing the power that reaches the cavity.
It turns out that the magnetron produces more power under its normal operating condition than can be used. At full power, the effects of rf broadening are discernible in Hg1 98 double resonances. In radioactive cells, the radiation drives foreign gases out of the cell walls. These gases are ionized by gamma rays and start an electrodeless discharge in the cell if full magnetron power is used. The strongest lines in the discharge are from CO bands. If the discharge is maintained in a cell for just a few seconds, it becomes worthless for purposes of a double-resonance experiment.
Cell
The absorption cell, which contains the mercury, is in the form of a 1-cm cube. An appendage or "tail" in the form of a thin quartz tube is provided for mechanical support and to allow for vapor-pressure control. In the radioactive cells, the tail is only for support because the vapor pressure is small enough so that there is no need for its control.
Two absorption cells were fabricated from a Beckman Instruments No. 46005 spectrophotometer cell. The Beckman cell is 12X12X46 mm in size. Two of the long sides are Vycor, and the other two are quartz. Quartz windows are fused onto a 10-mm section cut from the 46-mm length. The appendage is then sealed into one of the quartz windows to complete the absorption cell. Of course, the quartz faces, and not the Vycor, must be used to transmit 2537-A light.
Radioactive Mercury
The radioactive mercury is produced and transferred to the absorption cell by methods which, essentially, are the same as those employed by Melissinos.
6 ' 7
Experimental Procedure and Data
Before searching for an Hg 9 7
* double resonance, it is best to find a double resonance in the Hg198 which is always present in the radioactive cell. This serves as a check on the apparatus in general and on the phase relation between the rf modulation and the Diamod in particular. The scanning field is set at + 1468 gauss, which, with a Hg' 98 lamp and a splitting field of 1468 gauss, will populate the m= 1 state of the Hg 8 atoms in the absorption cell. The illumination must have sigma polarization, but the observing polarizer should be positioned to transmit light of pi polarization. "Positive" scanning fields are in such a direction that the quarter-wave plate and polarizer pass the high frequency Zeeman component of the lamp, while negative fields lead to the transmission of the lower frequency component.
The radio frequency is set at cavity resonance, around 3052 Mc/sec, and the Hg 1 98 resonance is observed by varying the splitting field in the vicinity of 1468 gauss. Five gauss per minute is a reasonable sweeping speed, since the linewidth is approximately 2 gauss and the response time of the Diamod and recorder combination is 2 sec at the fastest. With maximum bandwidth and enough gain so that the photomultiplier noise is visible on the recorder, there should be no trouble in finding the Hg198 resonance.
The procedure for observing any resonance is much the same as that described above except that smaller bandwidth and higher gain may be required. For Hg'97* resonance A, shown in Fig. 1 , the polarizers are positioned exactly as they are in the Hg' 98 test procedure. To facilitate searching for the double-resonance and level-crossing in Hgl 97 *, approximate values of the splitting and scanning fields were calculated from the spectroscopic data of Melissinos and Davis.' The calculation was performed with an IBM 704 computer, programmed by R. L. Fork and operated by the Computation Center, M. I. T. Figure 1 is based on the computer results.
The fields and frequencies actually measured for Hgi9 7 * resonance A are summarized in Table II . The splitting field was swept both ways, and the results were averaged, because the long Diamod time constant that was required led to noticeable displacement of the resonance peaks. The proton resonance frequency of the splitting field was subjected to a cell-to-probe correction factor of -(3.84-=t1.80)X 10 -4 . The nature of this correction is discussed in the section on magnets.
Splitting fields are usually quoted in terms of their proton frequencies in this paper.
Calculation of WL
Hyperfine structure energies in the intermediate field region are found by diagonalizing the matrix of the Hamiltonian (1).
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Hop=AIJ+BQo-#T .H,
where Hop is the Hamiltonian operator itself; A and B are the magnetic dipole and electric quadrupole interaction constants, respectively; H is the magnetic field; tT is the total magnetic moment of the atom; Q is the quadrupole moment operator; and I and J are the nuclear and electronic angular momenta, respectively, measured in units of Planck's constant divided by 2 r. If Eq. (1) is divided by Planck's constant, its terms are in frequency units instead of energy units. In this paper, energies are usually stated in terms of frequency, rather than in ergs, millikaysers, or otherwise.
If H is in the z direction, the Hamiltonian becomes
where /0o is the Bohr magneton and r is the electron-toproton mass ratio. The subscript z denotes the component of a vector in the z direction; and gr and gj are the nuclear and electronic g factors, respectively. Matrix elements of Hop are calculated in the zero field or I, J, F, m representation, F being the total angular momentum of the atom and m its projection on the z axis. The entire Hamiltonian matrix is diagonal in m; and, in addition, the first two terms are diagonal in F. Kopfermann' 7 gives expressions for the I J and Qo matrix elements on page 15:
21(21-1)J(2J--1)
C= F(F+1)-I(1+1)-J(J+-1).
With the definition, X=gjuoH, the third term in Eq. (2) 
1Q57).
F= 13/2 and F= 15/2 levels at zero magnetic field. WL is found in terms of the value of X and the radio frequency at the peak of the resonance.
X must be given in terms of the proton resonance frequency f, by which the splitting field H is measured. We have
where g is the proton g factor and tIN is the nuclear magneton. The definition of X, combined with (5) 
(8) THE LEVEL-CROSSING EXPERIMENT
The level-crossing and double-resonance experiments utilize much of the same apparatus. The calculations required to reduce the data are similar. Therefore there are many details of the level-crossing experiment that have already been treated in the previous chapter and will not be repeated here.
Principle of Operation
In the level-crossing experiment, just as in the doubleresonance experiment, light from a variable-frequency source is scattered by mercury atoms in an absorption cell. The illumination of the cell and the observation of the scattered light may be done in directions perpendicular to each other and to the splitting field on the cell, as shown in Fig. 3. [Figure 3 is from Hirsch and Stager, J. Opt. Soc. Am. 50, 1052 (1960) .] The intensity of the Doppler-broadened, scattered light provides energy-level measurements that are accurate to the order of magnitude of a natural linewidth.
Consider the case of an atom with a nuclear spin of 13/2 and a negative nuclear magnetic moment, such as Hgl 97 *. The energy-level diagram, Fig. 1 , shows that there is an intersection between the F= 15/2, m= 15/2 level and the F= 13/2, m= 11/2 level in either of these atoms. Suppose that the splitting field is such that the two levels are separated by a few natural linewidths. If the absorption cell is illuminated by sigma-polarized "white" light, there is a certain probability that an atom will reradiate a photon in the observation direction after excitation to one or the other of the closely spaced levels. The probability of absorption and subsequent reradiation may be substantially different if the splitting field is changed by the small amount necessary to make the energies of the two levels equal. At this value of the splitting field, there is, in fact, just one level, although there are two degenerate eigenstates. The change in intensity of the scattered light is the experimental indication that the level-crossing has been reached. As used here, white light is radiation whose power per unit frequency range is constant over the natural widths of the intersecting levels. The Dopplerbroadened line of the Hg1 98 lamp in Fig. 3 is sufficiently "white" if its frequency is shifted so that its center coincides with the level-crossing.
By analogy with the double-resonance experiment, it might be expected that the intensity change at the crossing would display a symmetric, Lorentzian line shape as a function of the splitting field. Franken, 20 who has studied level-crossing line shapes theoretically and experimentally, reports that Lorentzian and dispersion shapes are found, as well as superpositions of both of these. The Lorentzian shape is found in all of the levelcrossings in the present work, in agreement with Franken's calculations.
It is important to realize that the Doppler effect does not influence the experimental accuracy because the intersecting levels belong to the same atom. Somehow, this point is clearer in the double-resonance 20 p. A. Franken, Phys. Rev. 121, 508 (1961). experiment, where intensity changes in the Dopplerbroadened, scattered light reveal rf resonance between two levels of the same atom.
Apparatus
The differences in apparatus between the doubleresonance and level-crossing experiments are apparent if Figs. 2 and 3 are compared. The variable-frequency light source, cell, and splitting magnet are identical in the two cases, but the detection and modulation systems differ. The observing polarizer can be omitted for the level-crossing experiments described here, in which the difference between the m values of the intersecting levels is two.
No rf power is used for the level-crossing experiment, so it is not possible to use the same modulation method that is so satisfactory for the double-resonance experiment. The drawbacks of splitting field modulation have already been discussed. In short, it is more practical not to use modulation for comparing the level-crossing and noncrossing conditions.
Photomultiplier Bridge
The balancing arrangement shown in Fig. 3 was devised in order to secure, for the level-crossing and magnetic-scanning experiments, some of the advantages which accrue to the double-resonance experiment through the use of modulation. The signal photomultiplier is illuminated by the light scattered from the absorption cell while the lamp photomultiplier measures the light coming directly from the lamp. If resistor R is adjusted so that the photomultipliers have equal output voltages, the equality is preserved, regardless of lamp intensity changes. The voltages will differ only if there is a change in the fraction of the incident light scattered by the absorption cell. The mercury-reed relay alternately connects each photomultiplier voltage to the grid of the electrometer tube. The tube's ac output, proportional to the difference of these voltages, is amplified, synchronously rectified by the phase detector, and displayed on the chart recorder. If there is a level-crossing in the mercury atoms in the cell, or if the splitting or scanning fields vary in the absence of a crossing, changes will occur in the fraction of the incident light scattered from the cell and the average output of the synchronous rectifier will be altered. The necessity for separating the magnetic-scanning and level-crossing effects constitutes the greatest disadvantage of the photomultiplier bridge. The 30-cps source, amplifier, phase detector, and phase shifter are all components of the "Diamod" used for the double-resonance experiment and described by Murray.
1 4 The phase shifter permits synchronization between the mercury-reed relay and the phase detector. The electrometer tube is employed in the bridge because the fraction of a microampere of grid current in an ordinary tube is sufficient to upset the balance.
The fused-quartz diffusion plate and front-surfaced mirror make it possible to locate the lamp photomultiplier far enough from the scanning magnet so that it will not be seriously affected by stray fields. At this distance, if the diffusing plate were not used, only part of the electrodeless discharge lamp would illuminate the phototube, and, since the discharge shifts position inside the lamp, the bridge would be virtually worthless.
Experimental Procedure and Data
The splitting field and variable-frequency light source are set near the values at which a level-crossing is expected. The scattered light from the cell is maximized by varying the scanning field. After the photomultiplier bridge has been balanced, the search for the level-crossing is carried out in the same manner as the search for a double-resonance. The Diamod bandwidth is determined by the expected signal strength, the Diamond gain is set high enough to reveal photomultiplier noise, and the splitting field is swept.
Every so often, it is necessary to readjust the scanning field. How often this is required depends on the slopes of the crossing levels and on the Diamod gain. In any case, it is important to keep the scattered light maximized while searching, in order to reduce the effect of scanning-field fluctuations on the Diamod output. Naturally, the maximum of the "scanning peak" is the position of zero change in scattered light intensity for a small change in scanning field.
At the level-crossing, the scattered light intensity may increase or decrease. The latter case applies to all crossings reported in this paper. 
The values of A and WD in Table IV are found with the use of Eqs. (7) and (9) and the information in Table III . Here, WD= A is the hyperfine structure separation at zero splitting field of the 3 P1 level of the atom. Since the quotient on the right-hand side of(9) differs from unity by less than 1 part in 10 000, it may be evaluated approximately or even omitted for the accuracy demanded in the present work. The values of gj and the correction for the cell-to-probe separation were known with less accuracy than at present. Nevertheless, it was possible to obtain an improved value for A 197. Fortunately, the nuclear moments of Hgl 1 7 and Hg 199 only differ by 4%. Thus, in taking the ratio A 197 /A 199, the cell-to-probe and g corrections are reduced by a factor of 25 to negligible proportions, g cancels out of (9), and the result is Eq. (10):
where f197 and f199 are proton-resonance frequencies read at the probe position. r The same data that is summarized in Table III . All of these results are consistent. As expected, the ratio of the interaction constants can be found more accurately than the constants themselves. Hgl 9 7 *. In Hg 1 97 *, the observation of crossing D is sufficient for the evaluation of an equation connecting WL with WH, the energy difference between the F= 11/2 and F= 13/2 levels at zero field. This equation is the result of simultaneous solution of the m= 15/2 and m=11/2 secular equations of the Hamiltonian (2). The gr term can be omitted in view of the accuracy of our value of WL and that of the data in Table III. Equations (2), (3), and (4) Table I shows the separation of the hyperfine structure levels at zero field from their center of gravity.
Calculations of the Nuclear Moments
Kopfermann,l7 in his Eqs. (4.1) states the relations quoted in (23), which connect the nuclear magnetic moment u and the nuclear electric quadrupole moment Q with their respective interaction constants, A and B.
A =y(H(0))/IJ;
(12 B = eQ(JJ (0)), where (H(O) ) is the magnetic field of the electrons measured at the nucleus, e is the electronic charge, and (¢JJ (O) ) is the gradient of the electric field produced by the electrons at the nucleus.
If the 3P1 electronic wave functions of mercury were known with greater accuracy, Eqs. (12) On page 450, Kopfermann1 7 gives a factor for mercury, 1.00974, by which the observed nuclear magnetic moment should be multiplied to allow for the diamagnetic shielding effect. With the diamagnetic correction, /u199=0.50272 nuclear magnetons, and this, together with the moment ratio found above, leads to the value, /197= -1.03164-0.0008 nuclear magnetons.
Unfortunately, Q201 is not known with the same high accuracy as mug19. The most recent determination, and one of the most precise, is that of McDermott and Lichten, 22 who find Q20=0.504-0.04 barns. With this figure, Q197*=1.614-0.13 barns.
Signal Strength
Colgrove et al.9 have shown how to calculate the intensity of light scattered by an atom with two excited states, B) and IC), and a ground state, A). If we assume white-light excitation, as defined earlier in this section, and we assume that the excited states are not degenerate, the scattered light intensity is given by I,:
The effect of natural line broadening is not considered explicitly. The polarization vectors of the absorbed and emitted light are a and e, respectively; k is a constant; and r is the radius vector to the radiating electron. If IB) and IC) are degenerate, as they are at a level-crossing, the scattered light intensity is given by I+: 
The matrix elements that form P are calculated with the help of Condon and Shortley'sl 8 formulas 9(11) and 113(8). For Hg' 9 9
, the computed value of P is -0.9973. In other words, 99.73% of the light scattered by Hg 99 atoms should vanish at the level crossing. However, the measured value of P is -0.16.
The measured linewidth of the Hgl 99 crossing is about three times the 0.9 gauss that would be expected on the basis of the natural widths and energy vs field slopes of the states involved. It is possible that the small magnitude of P and the excessive line-broadening are both results of inhomogeneity in the splitting field. To test this hypothesis, masks were used to examine light scattered from small cross sections of the absorption cell. The observed linewidths was reduced as much as 40%. While it is not possible to draw good quantitative conclusions on the strength of these measurements, it is evident that field inhomogeneity makes an important contribution to the discrepancy between the experimental and theoretical values of P.
ISOTOPE SHIFT AND THE MAGNETIC-SCANNING EXPERIMENT
Principle of Operation
The isotope shift WI of Hg 1 97 * in the 3 P, level is defined as the difference in energy at zero magnetic field between the center of gravity of the Hg 1 97 * hyperfine structure and the single level of Hg1 98 . Of course, the position of the center of gravity cannot be measured directly, but it is known relative to the Hg 1 97* F= 11/2 level from the results of the previous section (Table I) . The difference in energy between the F= 11/2 level and Hg1 98 is measured with a magnetic-scanning apparatus. Then simple subtraction gives the isotope shift.
The magnetic-scanning experiment is a method of doing absorption spectroscopy. The equipment, which is identical with that employed in the level-crossing experiment, is shown in Fig. 3 . The frequency of the light source is varied and the light scattered from the mercury vapor in the absorption cell is recorded as a function of the illumination frequency. The splitting field, if any, is set at a fixed value.
The scattered light peaks, or "scanning peaks," so obtained are Doppler-broadened with a width of 2000 Mc/sec. A peak is observed for every energy level of every isotope in the cell. If two energy levels coincide to within a Doppler width, there is no way to separate them by magnetic scanning. The F= 11/2 level of Hg * 97* was chosen for the isotope shift measurement because it is unobscured, while the F= 13/2 level coincides with Hg 196 and the F= 15/2 level is obscured by the F= -level of Hg 1 97 . The photomultiplier bridge is used to balance out the light scattered from the quartz cell in order to assure a constant average signal to the chart recorder in the absence of a scanning peak. Balancing is done with liquid nitrogen on the cell tail. For best results, the scanning peak heights should be corrected for changes in lamp intensity produced by changes in the scanning field.
The Scanning Magnet
The scanning magnet is the only part of the apparatus that requires special consideration in this section. The field is produced by a Bitter solenoid designed to deliver over 50 000 gauss at 10 000 amp.
Inhomogeneity and drift of the scanning field make its measurement by proton resonance difficult, and the difficulty increases with the strength of the field. However, the measurement can be made, and the field is sufficiently homogeneous for magnetic scanning applications. The solenoid current is determined with a shunt and potentiometer and is combined with the proton resonance data to obtain a magnet calibration factor, M, where M is the number of gauss produced per ampere of current. The magnet must be recalibrated after every important scanning run because drifts in M as high as 4% have been recorded over a period of a few weeks. The mechanical arrangement of the experiment makes it inconvenient to determine M by proton resonance. Results of almost equal accuracy can be obtained by scanning a natural mercury absorption line whose isotope shift is known relative to Hg1 98 .
Data and the Isotope Shift
For the m= 1 level of Hg 198 , the secular equation corresponding to the matrix of the Hamiltonian (2) is very simple:
where E1 98 is the energy of the m= 1 level in the scanning field, and H= X/gjuo. In other words, E19 8 is the energy of the variable-frequency light source. The energy of
